Plant roots are able to sense soil nutrient availability. In order to acquire heterogeneously distributed water and minerals 1-3 , they optimize their root architecture. One poorly understood plant response to soil phosphate (P i ) deficiency is a reduction in primary root growth with an increase in the number and length of lateral roots [4] [5] [6] [7] [8] [9] [10] [11] [12] . Here we show that physical contact of the Arabidopsis thaliana primary root tip with low-P i medium is necessary and sufficient to arrest root growth. We further show that loss-of-function mutations in Low Phosphate Root1 (LPR1) and its close paralog LPR2 strongly reduce this inhibition. LPR1 was previously mapped as a major quantitative trait locus (QTL) 12 ; the molecular origin of this QTL is explained by the differential allelic expression of LPR1 in the root cap. These results provide strong evidence for the involvement of the root cap in sensing nutrient deficiency, responding to it, or both. LPR1 and LPR2 encode multicopper oxidases (MCOs), highlighting the essential role of MCOs for plant development.
Plant roots are able to sense soil nutrient availability. In order to acquire heterogeneously distributed water and minerals [1] [2] [3] , they optimize their root architecture. One poorly understood plant response to soil phosphate (P i ) deficiency is a reduction in primary root growth with an increase in the number and length of lateral roots [4] [5] [6] [7] [8] [9] [10] [11] [12] . Here we show that physical contact of the Arabidopsis thaliana primary root tip with low-P i medium is necessary and sufficient to arrest root growth. We further show that loss-of-function mutations in Low Phosphate Root1 (LPR1) and its close paralog LPR2 strongly reduce this inhibition. LPR1 was previously mapped as a major quantitative trait locus (QTL) 12 ; the molecular origin of this QTL is explained by the differential allelic expression of LPR1 in the root cap. These results provide strong evidence for the involvement of the root cap in sensing nutrient deficiency, responding to it, or both. LPR1 and LPR2 encode multicopper oxidases (MCOs), highlighting the essential role of MCOs for plant development.
To study the effect of mineral deficiency on root development, we previously mapped LPR1, a QTL with a large effect involved in primary root growth arrest in response to low P i and in the control of primary root cell length 12 , in an A. thaliana recombinant inbred line (RIL) population derived from the Bay0 (Bayreuth) and Sha (Shahdara) wild accessions. From this RIL population we derived two near isogenic lines (NIL) of line no. 194 (ref. 12) . Seedlings of the NIL 194 Sha , homozygous for the dominant Sha allele of LPR1 (LPR1 Sha ), have a short root phenotype on low (5 mM) P i compared with the NIL 194 Bay0 carrying the recessive LPR1 Bay0 allele 12 . We have further shown ( Supplementary Fig. 1a -c online) that this root growth arrest is related to low P i , as varying two chemical parameters in the growth medium that affect P i bioavailability in soils 13 -the pH and the Fe concentration-had an effect on growth arrest (that is, when the medium did not contain Fe or had a more basic pH, the root growth was not inhibited by low P i ).
To determine the molecular basis of the LPR1 QTL, we identified the responsible gene LPR1 (At1g23010) by combining several complementary strategies summarized here (see Methods for details). First, by analyzing the existing RIL collection of the Bay0 Â Sha cross 14 , we mapped the LPR1 QTL to a 36-kb region of chromosome I (Supplementary Table 1 online). Second, in order to generate mutant alleles of the LPR1 QTL, we devised a g-ray mutagenesis strategy. Radiation induces large deletions as well as point mutations 15 . We therefore used pollen from g-ray-mutagenized 194 Sha plants to pollinate flowers of 194 Bay0 plants and screened for progeny (F1) seedlings with a long primary root on low P i . In this way, we isolated three point mutations in the LPR1 Sha gene (in addition to 17 large deletion alleles of the LPR1 Sha locus), each having a strongly reduced response to low P i ( Supplementary Fig. 2 online and Fig. 1a-c) . Two transfer DNA (T-DNA) insertion mutants of At1g23010 (lpr1-1 and lpr1-2, Fig. 1a ) generated in another genetic background (Col-0) 16 , which are most probably null alleles ( Supplementary Fig. 3a ,c online), behaved similarly to the g-ray-induced mutants (Fig. 1b,c) , whereas T-DNA mutants in the genes immediately proximal or distal to At1g23010 had a wild-type phenotype (data not shown). Third, the lpr1-1 T-DNA allele did not genetically complement the LPR1 Bay0 allele of the QTL ( Supplementary Fig. 4 online) . Fourth, a molecular construct containing the LPR1 Sha gene restored low-P i responsiveness to the inbred line 194 Bay0 (Fig. 1d) .
A closely related A. thaliana paralog of LPR1, At1g71040 (hereafter named LPR2), has 79% identical amino acids (data not shown). We isolated two T-DNA insertion mutants 16 of LPR2 (lpr2-1 and lpr2-2) that are most probably null alleles ( Supplementary Fig. 3b,c) . Analysis of the lpr2 mutants and of the lpr1-1,lpr2-1 double mutant showed that LPR1 and LPR2 had similar and additive roles and were necessary for the root growth response to low P i (Fig. 2) .
The predicted amino acid sequences of LPR1 and LPR2 are similar to those of MCOs 17 . In particular, they contain the twelve copper binding amino acids required for MCO catalytic activity in CotA, a structurally characterized MCO of Bacillus subtilis 18 (Fig. 3a) .
Accordingly, we observed that in vitro, LPR1 Sha oxidizes 2,2¢-azinobis(3-ethylbenzothiazoline-6-sulfonate) (ABTS), whereas no MCO activity was detected with an LPR1 Sha protein containing the g3-5 mutation or mutated at one putatively crucial copper-binding histidine 19 (Fig. 3b) . If the MCO activity of the LPR proteins is required for the low P i -induced root growth arrest, then inhibiting this activity should enhance wild-type root growth. To test this hypothesis, we grew wild-type (Col-0) seedlings on a low-P i medium supplemented with either 10 mM tetrathiomolybdate (TTM) or 50 mM sodium fluoride (NaF), two potent inhibitors of MCOs 20, 21 . At 10 mM TTM, the wild-type primary root was 2.8 times longer than on the TTM-free control medium (respectively 12.4 ± 1.6 mm and 4.4 ± 0.8 mm) and was as long as that of the lpr1-1 mutant (12.7 ± 1.0 mm) (Fig. 3c) . Similar results were obtained with NaF (Fig. 3d) . Thus, phenocopying the Lprmutant phenotype by treating wild-type with TTM or NaF supports the view that MCO activity, most probably resulting from the LPR1 and LPR2 expression, is required for low P i -dependent growth inhibition.
In order to find the molecular origin of the LPR1 QTL, we first compared the protein sequences of LPR1 Bay0 and LPR1 Sha . There are six amino acid substitutions, but these are not in conserved MCO motifs (Fig. 3a) ; and in RIL no. 98 a recombination in exon 2 of LPR1 (Supplementary Table 1 and Fig. 3a) excluded the possibility that the QTL is in the 3¢ half of the gene. Notably, the in vitro activity of LPR1 Bay0 was not significantly different from that of LPR1 Sha (Fig. 3b) . Furthermore, the 194 Bay0 line was complemented by a transgene containing the LPR1 Bay0 coding sequence placed under the control of the promoter sequence of LPR1 Sha ( Supplementary Fig. 5 online) .
Taken together, these data imply that the functional difference between the LPR1 Bay0 and LPR1 Sha alleles is linked to the promoter sequences of LPR1 (pLPR1) rather than to the LPR1 enzymatic activity per se.
When compared with pLPR1 Sha , pLPR1 Bay0 had several polymorphisms (substitutions, insertions and deletions). However many of these polymorphisms were shared with pLPR1 Col-0 (data not shown), a functional allele (as shown above). Forty-one nucleotides upstream of the LPR1 transcription start site, pLPR1 Bay0 had a 16-bp deletion (Fig. 1a) . This small part of the promoter region must be crucial for LPR1 gene function, as the g-ray-induced allele g16-69, derived from the LPR1 Sha allele, was mutated at this site ( Fig. 1a) and behaved the same as the g8-21 allele, which is most probably a null allele (Fig. 1b,c) . These data imply that, compared with pLPR1 Sha , the function of (Fig. 4a and Supplementary Fig. 3d ). This is consistent with the recessive nature of the LPR1 Bay0 allele compared with the LPR1 Sha allele 12 .
The 194 Bay0 seedlings expressed LPR1 mRNA encoding an active MCO, and yet behaved as a loss-of-function allele (Fig. 1b,c) . In order to understand this apparent paradox, we examined the expression pattern of LPR1 in more detail. We introduced the transcriptional transgene b-glucuronidase (GUS) reporters pLPR1 Bay0 ::GUS and pLPR1 Sha ::GUS into the 194 Bay0 background. pLPR1 Sha ::GUS was expressed in the root tip, including the meristematic region (where root cells are generated) and the root cap (the small group of cells wrapped around the root tip) (Fig. 4b) . Notably, there was less expression in the root tip of pLPR1 Bay0 ::GUS than pLPR1 Sha ::GUS. In particular, there was little, if any, expression of pLPR1 Bay0 ::GUS in the root cap (Fig. 4b, left panel) . We confirmed these results by semiquantitative RT-PCR performed on laser-microdissected root cap tissues (Fig. 4c,d ). These expression patterns were constitutive, as they were not linked to the P i , Fe or H + concentrations in the growth medium ( Supplementary Fig. 6 online) nor to the genetic backgrounds: in NIL 194 Sha the two reporter constructs gave root GUS stainings similar to that in the 194 Bay0 background ( Supplementary  Fig. 6 ). Altogether, these data strongly indicate that the molecular basis of the LPR1 QTL derives from the different patterns of LPR1 expression in the root tip.
We tested two hypotheses that could explain low P i -dependent root growth arrest: the first posits a nutritional response and the second posits a signaling response. According to the first hypothesis, growth would cease because of internal phosphate deficiency in cells. To test this we measured the P i content of roots. When grown on low P i for 10 d, the P i content of 194 Sha and Col-0 wild-type roots was not significantly (P o 0.05) different from that of 194 Bay0 and lpr1-1 (Supplementary Table 2 online), indicating that the first hypothesis may be rejected. According to the second hypothesis, root growth arrest would be triggered when the root tip senses the low P i concentration of the medium. This theory was supported by the result of a compartmented root-growth experiment, in which we found that the primary root-growth arrest occurred when the root tip was in contact with the low-P i medium, even if leaves were in contact with a high-P i medium (Fig. 5) . In another experiment we observed on low-P i plates that if a primary root tip did not touch the agar medium the root growth was not inhibited, but if, in growing farther, the root tip eventually encountered the medium, then root growth soon ceased ( Supplementary Fig. 7 online) . The rapid root growth arrest (less than 2 d) after transfer of Col-0 seedlings from high-to low-P i media ( Supplementary Fig. 1c ) is also compatible with this second hypothesis. Furthermore, this arrest correlated with the arrest of root cells divisions ( Supplementary Fig. 6 and ref. 10) and elongation 12 and corroborated findings that roots locally sense and respond to low P i 22 . Overall, these results strongly indicate that the root cap is the site of the sensing and/or response to low concentrations of exogenous P i .
In summary, analysis of A. thaliana natural variation allowed us to isolate the major QTL LPR1 controlling low P i -triggered root growth inhibition. This QTL is explained by the differential allelic expression of LPR1 in the root cap, an organ essential for root meristem maintenance 23 and auxin fluxes 24 . We propose that when the primary root tip reaches a low-P i zone, the LPR proteins of the root cap modify the activity and/or distribution of a hormone-like compound. This triggers the primary root developmental switch from indeterminate to determinate growth 10 , the reduction of cell elongation and the promotion of lateral roots. This is the first demonstration that MCOs have a role in plant development in response to an abiotic signal. As both prokaryotes and eukaryotes harbor MCOs 25 , these findings may contribute to understanding other developmental processes.
METHODS
Plant material and growth conditions. The SALK lines 16 were provided by the Nottingham Arabidopsis Stock Centre. For the QTL fine mapping we used the 411-RIL population previously described 14 (see http://dbsgap.versailles.inra.fr/ vnat/ for details). Seedling and plant growth conditions were as previously described 12 . The 194 Sha and 194 Bay0 lines are NILs with, respectively, a Sha or a Bay0 allele in the MSAT1.10-nga248 region 12 . Unless otherwise indicated, the growth medium was buffered at pH 5.6 with 3.5 mM 2-(N-morpholino)ethane sulfonic acid (MES) buffer before autoclaving. The ammonium tetrathiomolybdate was from Aldrich and NaF from Prolabo.
Fine mapping of LPR1. We screened the population of 411 RILs for lines carrying a recombinant chromosome in the 2.6-Mb interval flanked by the molecular markers MSAT1.10 and nga248. We selected 48 RILs and phenotyped them in low-P i conditions, and fine-mapped the recombination breakpoints with newly developed microsatellite markers (Supplementary Tables 1  and 3 online), allowing us to localize LPR1 to a 56-kb interval. We then narrowed LPR1 down to a 38-kb interval by sequencing DNA of two RILs with recombination breakpoints in close proximity to LPR1 (Supplementary Table 1 ). See Supplementary Methods online for further details.
Gamma-ray mutagenesis and identification of the lpr1 c-mutants. Eight flowering 194 Sha /194 Sha plants were exposed to 200 Gy (17 Gy min -1 ) of g-rays from a 60 Co source. We used the irradiated pollen to manually pollinate the castrated flowers of nineteen 194 Bay0 /194 Bay0 plants, and sowed B11,000 resulting F1 seeds on low-P i plates. In the 51 putative lpr1 F1 mutants, we mapped the g-ray-induced deletions with PCR markers located between MSAT1.10 and nga248 ( Supplementary Fig. 2 ). In four F1 plants we did not detect large deletions; in their F2 progeny we selected seedlings homozygous for the Sha allele using PCR markers in the LPR1 region and sequenced the At1g23010 gene. The sequence of each point mutation was verified in a second mutant sibling. See Supplementary Methods for further details.
Molecular constructs. For complementation, we PCR-amplified from genomic DNA the At1g23010 gene of the Sha accession, including 2.1 kb upstream of the ATG and 245 bp downstream of the stop codon, and cloned it into the pFP100 vector (http://www.isv.cnrs-gif.fr/jg/), yielding the LPR1 Sha -pFP100 construct.
For the promoter-GUS fusion, we amplified from genomic DNA a 2.1-kb fragment upstream of the ATG of the At1g23010 gene from the 194 Bay0 and 194 Sha lines and cloned it in a pXCSG-GFP-derived vector 26 (L. Noël, CEA Cadarache, unpublished data) in which the GFP gene was replaced by the GUS gene, yielding the pLPR1 Bay0 ::GUS and pLPR1 Sha ::GUS constructs, respectively.
These different constructs were introduced 27 into the 194 Bay0 and 194 Sha lines and transformants were selected either under UV light for the LPR1 Sha -pFP100 construct or by BASTA (AgrEvo) selection in soil for the other constructs. See Supplementary Methods and Supplementary Table 3 for further details.
Real-time QRT-PCR. We carried out real-time QRT-PCR using an ABI 7000 (Applied Biosystems) with SYBR Premix ExTaq (Perfect Real Time) as in ref. 28 . Standard curves were generated by serial dilutions of first-strand cDNA preparations.
Laser microdissection of root caps and semiquantitative RT-PCR. We grew 194 Bay0 and 194 Sha seedlings 7 d on a high-P i medium and then cut their primary roots and directly deposited the roots on the plastic film of laser microdissection slides (Leica). We performed the microdissections under a High-P i High-P i Low-P i Low-P i
Low-P i High-P i High-P i Low-P i d +3 Figure 5 Root growth on low-P i medium is inhibited through the root tip. Col-0 wild-type seedlings first grown for 3 d on a high-P i medium (not shown here) and then transferred at day 0 (d 0 ) to the indicated compartmentalized vertical plates such that the upper and lower parts of each seedling were in contact with different media. (a) Upper part of the seedlings on high-P i medium, lower part on low-P i or high-P i medium.
(b) Upper part of the seedlings on low-P i medium, lower part on high-P i or low-P i medium. Lower panels, the same plates 3 d later (d +3 ). Scale bar, 2.5 mm.
LMD6000 (Leica) microscope. For each line, B80 root caps were collected in 75 ml of RNA extraction buffer containing 10 mM DTT; tubes were then stored at -80 1C. Total RNA was extracted with the RNeasy Micro Kit (50) (Qiagen) according to the manufacturer's instructions and eluted in 14 ml RNase-free water. First-strand cDNA synthesis is described in the Supplementary Methods. Semiquantitative RT-PCR was performed on an ep-gradient-S thermocycler (Eppendorf) and the relative expression of LPR1 mRNA was normalized to the amount of the root cap-specific CEL5 mRNA 29 .
GUS staining. We selected lines which gave a 3:1 segregation of kanamycin resistance (carried by the T-DNA) and grew them for 9 d on a high-P i medium. GUS staining of plant tissues was performed as previously described 29 except that seedlings were incubated in the staining solution for 6 h and then treated with 70% ethanol at 55 1C for 1 h. GUS staining was repeated four times each with two independent lines for each construct, n ¼ B10 seedlings per line. These four experiments gave similar results.
LPR1 MCO activity. Wild-type and mutant LPR1 proteins were produced in Saccharomyces cerevisiae and the MCO activity assayed on ABTS with total protein extracts (Supplementary Methods).
Immunoblotting. Yeast protein extracts were separated by SDS-PAGE and blotted. The membrane was soaked with a polyclonal antibody to CotA (see Acknowledgments) and stained with an alkaline phosphatase-conjugated goat antibody to rabbit IgG (Sigma).
Accession codes. Genbank: LPR1 Bay0 coding sequence, DQ663631; LPR1 Sha coding sequence, DQ663632. PDB: CotA, 1GSK. Arabidopsis thaliana: Bay0, N57923; Sha, N57924; Columbia (Col-0), CS60000; lpr1-1, SALK_016297; lpr1-2, SALK_050267; lpr2-1, SALK_091930; lpr2-2, SALK_061362.
Note: Supplementary information is available on the Nature Genetics website.
